Introduction
Water is fundamental to survival on earth. In the last years, water scarcity and water quality have become a worldwide concern. Every day large amounts of water are contaminated by differ-ent pollutants coming from domestic or industrial uses. Although pollution of rivers by heavy metals and other compounds, strictly regulated by Dangerous Substances Directive (2006/11/EEC), is generally decreasing, organic substances with harmful properties such as pharmaceuticals and personal care products are increasingly detected in the environment [1] . Spain is ranked as one of the world's largest consumer of pharmaceuticals [2] . According to Miranda [3] these compounds are also recalcitrant and present properties of bioaccumulation in the environment. They are also resistant to conventional wastewater treatments and are found in effluents at concentrations ranging from 0.1-20.0 lg/L [3] [4] [5] .
Among those pollutants, there is a special group of pharmaceuticals, antihistaminic drugs, found in water. Diphenhydramine hydrochloride is the classic H1 receptor antagonist that has been used in pregnancy for the treatment of allergies, nausea and vomiting as well as an analgesic adjuvant in cancer pain. DPH has relatively low molecular weight and high lipid solubility, allowing easy blood-brain barrier and placental passage [6] . Unfortunately, information on the environmental fate and toxicity to aquatic species is scarce for most pharmaceuticals [7] . The growing demand of society for the decontamination of water from various sources, materialized in regulations increasingly strict, has caused, in recent years, increasing research on methods to eliminate pharmaceuticals from wastewater, and this is the case of advanced oxidation processes (AOPs).
Advanced oxidation processes (AOPs) are environmental friendly methods based on in situ production of hydroxyl radical ( Å OH) as main oxidant. Hydroxyl radical is able to react nonselectively with most organic compounds [8] .
The focus of this work is to evaluate the efficiency of UV-vis/ H 2 O 2 , Fenton, photo-Fenton and photocatalysis in the degradation of Diphenhydramine under different radiation sources. Moreover, it has been studied the DPH conversion by Fenton and photoFenton at initial circumneutral pH. The acidification of the solution is avoided by the addition of resorcinol (RES, di-hydroxy benzene isomer) [9] [10] [11] , which in addition is used to simulate organic matrix in water. RES addition also generates ferricarboxylates complexes and avoids the precipitation of Fe 3+ hydroxy complexes at neutral pH. The efficiency of this process was also compared with the classical Fenton and photo-Fenton process at acid pH.
Chemicals and experimental set-ups

Chemicals and reagents
The solution of 50 mg/L of Diphenhydramine hydrochloride (C 17 H 21 NO Á HCl, HPLC grade, purity P98% from Sigma-Aldrich) was prepared using deionized water. This high concentration (50 ppm) was selected to assure accurate measurements of concentrations and to follow TOC levels. Moreover this quite high concentration value was chosen to represent the concentrations in wastewaters coming from pharmaceutical companies (10-100 mg/L) [12, 13] . Acetonitrile (analytical reagent grade from Fischer Chemical) and orthophosporic acid (85% from Panreac Quimica) were used for HPLC analysis. H 2 O 2 (30% w/w, from Merck), FeSO 4 .7H 2 O (PA from Panreac), NaHSO 3 and MeOH (PAI from Panreac) reagents were used without further purification. Heterogeneous photocatalysis was performed using TiO 2 P-25 (EvoniK, Germany). Sulphuric acid (H 2 SO 4 , 96% purity from Panreac) was used for initial pH adjustment. Resorcinol (RES, CAS number 108-46-3) was purchased from Sigma-Aldrich.
Techniques and analytical instruments
DPH concentration was monitored by HPLC from Waters using a SEA18 Teknokroma column (250 Â 4.6 mm i.d.; 5 lm particle size) and a Waters 996 photodiode array detector. The mobile phase was composed by water (pH 3) and acetonitrile (70:30), injected with a flow-rate of 0.85 mL/min. DPH concentration was followed at UV maximum absorbance (220 nm). TOC was analyzed with a Shimadzu TOC-V CNS analyzer. Reproducible TOC values, with an accuracy of ±1%, were obtained by injecting 50 lL samples into the analyzer. H 2 O 2 consumption was followed using the metavanadate spectrophotometric method at 450 nm [14] . H 2 O 2 contained in samples was quenched with sodium hydrogen sulfite, or the same volume of methanol, to avoid further reactions depending on the analysis to be done. All samples were filtered with a polyethersulfone membrane filter (0.45 lm, Chemlab) to remove the catalyst before analytical procedures except for iron measures. The iron (II) content was determined by o-phenontraleine standardized procedure (ISO 6332).
For the intermediates identification, samples were analyzed by the electrospray ionization/mass spectrometry using an electrospray (ion spray) ESI-MS, and a LC/MSD-TOF (Agilent Technologies) mass spectrometer.
Experimental devices
Artificial irradiation: UV-C reactor
The experiments with UVC lamps were performed in a thermostated Pyrex-jacketed 2 L vessel (inner diameter 11 cm, height 23 cm), equipped with three low pressure mercury lamps (Phillips TUV 8 W, G8T5) located at the center of reactor. Lamps emit monochromatic 254 nm radiation. The radiation inside the photoreactor was assessed by uranyl oxalate actinometry [15] 
were added depending on the advanced oxidation process. The solution was maintained at constant temperature of 25°C; the jacket temperature of the stirred tank was controlled with an ultrathermostat bath.
Artificial solar irradiation: Solarbox (SB)
A Solarbox (CO.FO.ME.GRA 220V 50 Hz) with a Xenon lamp (Phillips 1 kW), located at the top of the device was used. The irradiation entering the photoreactor was 3.59 J/s measured also by onitrobenzaldehyde actinometry [16] . The tubular photoreactor (24 cm length, 2.11 cm diameter, Duran glass material) was placed at the bottom of the Solarbox on the axis of a parabolic mirror made of reflective aluminum. A filter cutting off wavelengths under 280 nm was placed between the lamp and the reactor. The DPH solution (50 mg/L) was prepared in a batch jacketed feeding tank (total volume 1L 
Solar irradiation: CPC reactor
Photocatalytic experiments were also carried out in a solar pilot plant based on compound parabolic collectors (CPC), at the University of Barcelona (latitude 41.4 N, longitude 2.1 W). The CPC consists in a module, 41°inclined, with a mirror made of polished aluminum (aluminum was chosen because it is highly reflective in the UV range: 92.3% at 280 nm to 92.5% at 385 nm), with 6 parallel tubular quartz reactors. The total mirroŕs area for solar irradiation capture-reflection was 0.228 m 2 . Experiments were done between 13:00 and 18:00 h in summer, and temperature was 30 ± 5°C. Solar irradiation was measured by a spectroradiometer Bentham DMc300. The exposure time was enough to reach the total hydrogen peroxide consumption. The aqueous suspension of DPH was pumped with a peristaltic pump with a flow-rate 2.6 L/ min, from the stirred reservoir tank (10 L) to irradiated quartz tubes and continuously recirculated. The solution was constantly mixed by RW 16 basic agitator IKA. The stirred reservoir tank (10 L) was fed with DPH solution (50 mg/L) and 0.4 g/L of TiO 2, with or without H 2 O 2 (150 mg/L). A preliminary sample was collected before irradiation to represent initial concentration at 0 min, and no conversion was observed. Table 1 shows the most important technical parameters of CPC reactor.
Results and discussions
Preliminary experiments: DPH adsorption and photolysis
Preliminary experiments were carried out to study the adsorption of DPH onto the catalyst. Different DPH concentrations (0, 12.5, 25, 50, 75 and 100 mg/L) were prepared with 0.4 g TiO 2 /L, at the natural pH (pH % 6.0 ± 0.2) and constant temperature (25°C ± 0.5). After 1, 5 and 24 h of contact, DPH concentration was evaluated. Adsorption does not play an important role in the photocatalytic processes in this case, as shown in Fig. 1 .
On the other hand, photolysis experiments were carried out with 50 mg/L of initial DPH in the different reactors (25 ± 5°C). The results (Table 2) confirmed the low influence of photolysis on DPH degradation in Solarbox, CPC and BLB (2.45%, 1.38% and 4.66%, respectively). Only UVC light is powerful enough to break the DPH bonds because UVC light covers the range of light adsorption of DPH (k max at 220 nm). UVC light is able to degrade 36.5% of initial DPH in 60 min with a quantum yield (U) of 0.033 mol/Einstein. Moreover, photolysis did not promote relevant mineralization.
Light/H 2 O 2 experiments under different radiation sources
All experiments have been carried out with 50 mg/L of DPH and different concentrations of H 2 O 2 (15, 75 or 150 mg/L) under different radiation sources (UV-C, BLB and simulated solar radiation). The optimal concentration of peroxide for all the experimental devices was 150 mg/L, because the highest amount of peroxide generates the highest amount of OH Å radicals. As it can be observed in Table 3 , in all the experiments, a very low mineralization was reached. The highest TOC conversion was 10.7% with 150 mg/L of H 2 O 2 under UV-C, 14.5 kJ/L of radiation, after 60 min of irradiation.
As it can be observed in Fig. 2 and 100% DPH degradation was achieved at 20 min under UV-C with the highest concentration of hydrogen peroxide studied. This can be related to the direct photolysis of DPH, 37% of total DPH can be removed under UV-C, and the hydrogen peroxide photolysis, because UV-C radiation is powerful enough to break H 2 O 2 quickly and produce two hydroxyl radicals.
Fenton and photo-Fenton process
In Fenton and photo-Fenton processes, two different pHs have been studied in order to compare the efficiency of the processes: acid pH (2.8) and initial circumneutral pH (6.2).
At acid pH experiments, the reactor was fed with DPH solution (50 mg/L) and pH was adjusted to 2.8 with H 2 SO 4 to avoid iron precipitation. In contrast, for the experiments at initial circumneutral pH, the acidification of DPH solution (50 mg/L) is avoided by the addition of resorcinol (50 mg/L of RES), which is used to simulate organic matter. As it can be observed in Fig. 3 , at the beginning of the treatment, the pH drops from 6.2-3.6 and it keeps constant during the irradiation time, as result of the acidic nature of the RES by-products in the media. The decrease in pH slows the rate of iron (II) oxidation by O 2 [19] , and it may be the reason for the presence of the ferrous iron in solution during all the reaction time. In addition, we can assume that the by-products form complexes with iron (III) allowing its solubilisation [6, 10, 11, 20] . The initial pH (6.2) of the solution subserve RES degradation, suggesting that it could be mainly catalysed by iron-carboxilic acid complexes [9, 19] . The Fenton process has the drawback that the regeneration of ferrous iron from ferric iron is the rate limiting step in the catalytic iron cycle. However, using the resorcinol, there was ferrous iron in the media during the treatment.
Photo-Fenton experiments were carried out using different photo-reactors with different Fe 2+ (2.5 or 5 mg/L) and H 2 O 2 (15 or 150 mg/L) concentrations. As it can be observed in Table 5 , within 20 min with the highest iron and hydrogen peroxide concentrations, a complete DPH degradation was obtained at acid pH (5 min for UV-C, 10 min for BLB and 20 min for SB 
In general, TOC reduction slightly increases (from 6.74% to 9.81% for photo-Fenton at acid pH with 15 mg/L of H 2 O 2 ) with catalyst load (from 2.5 mg/L to 5 mg/L of Fe 2+ , respectively). The iron concentration never has been higher than the limit indicated by European Union standards for discharge of treated waters (i.e. 5 mg/L in Spain).
As it can be observed in the Fig. 4 , the highest conversion of DPH was obtained at the highest iron and hydrogen peroxide concentrations in UV-C and BLB photo-reactor. A reason to justify those differences refers to the spectrum of the light used at each installation. Spectrum of light used in SB reactor corresponds to the solar one, wider and richer in longer wavelengths. Considering the spectrum range below 500 nm, the most of photons (%80%) are in the 400-500 nm stretch and only 20% of photons are below 400 nm. Although light over 400 nm can be useful for photo- Fenton process, it is much less efficient. It means that a huge part of the considered radiation may not being used, decreasing the overall yield of the process. On the other hand, UVC and BLB reactors operate in a radiation range much more efficient for photoFenton and the process takes place in vessels with the lamps located in the axis of them, ensuring the full absorption of the irradiated light [22] . Furthermore, in UV-C system the influence of the photolysis may be important (37% of total DPH can be removed). In addition, as commented before, UV-C radiation is powerful enough to break H 2 O 2 quickly and produce two hydroxyl radicals. The efficiency of photo-Fenton process at circumneutral pH was also compared with the classical photo-Fenton process at acid pH with BLB lamps. As it can be observed in Fig. 5 ) and semiquinone forms quinone. Superoxide is then transformed to hydrogen peroxide which reacts with Fe 2+ by Fenton reaction to produce more reactive hydroxyl radicals [23] .
In photo-Fenton, with resorcinol, a complete DPH elimination was obtained in 20 min of irradiation and 15 min of irradiation were necessary without resorcinol and pH 2.8. The Fig. 6 shows the enhancement of the photo-Fenton process at initial time when the experiments were carried out with resorcinol in the media. The presence of resorcinol has a chelating effect, thus, the positive effect of natural organic matter (NOM) on Fenton systems has been confirmed. Moreover, the use of NOM in the reaction medium allows to work at near neutral pH obtaining almost the same efficiency as working at acid pH [6, 9, 11, 24, 25] . Another aspect is that, during the reaction, OH Å attacked both DPH and RES, but there is not complexes destruction because no loss of iron was observed [26] .
Photocatalyisis experiments
Three different catalyst loads were assessed (0.05, 0.1 and 0.4 g/ L TiO 2 ) in SolarBox to choose the optimum catalyst concentration for further comparison with other photo-reactors. As it can be observed in Table 7 , the best results, for DPH degradation, were obtained with 0.4 g TiO 2 /L. Higher TiO 2 concentrations were also tested but TiO 2 settling in the reactor was observed. Therefore, those higher catalyst amounts were discarded, because TiO 2 settling in the reactor could increase radiation scattering, decreasing the reaction rate. The optimal loading depends on the photoreactor geometry and operation conditions [27] . Some researchers found that P25 TiO2 catalyst is very efficient at low catalyst loadings (i.e. 0.03, 0.05, 0.25 and 0.5 g/L) [27] . DPH mineralization varying catalyst concentration was also investigated. Mineralization achieved was really low: 4.5, 6.6 and 9.8% of TOC conversion was obtained for 0.05, 0.1 and 0.4 g TiO 2 /L, respectively, after 60 min of irradiation in SB reactor. The effect of H 2 O 2 addition, as promoter, was evaluated with 0.4 g/L of catalyst in SB and CPC devices. For this purpose, 15 or 150 mg/L of H 2 O 2 were added to 50 mg/L DPH solution directly in the batch tank. The highest degradation of DPH was obtained with 150 mg/L of H 2 O 2 : 62.6% and 53.9% of DPH conversion in SB and CPC, respectively. The joint presence of UV, H 2 O 2 and TiO 2 (UV-vis/H 2 O 2 /TiO 2 process) improves DPH degradation, because peroxide acts as additional source of hydroxyl radicals, improving the overall efficiency. Mineralization levels in this system were low with only 16.2% and 6.71% of TOC conversion, for SB and CPC reactors.
Furthermore, DPH conversion was compared for the four different installations already presented (SB, BLB, UVC, CPC). Experimental conditions used were the same for all the installations: 0.4 g/L of TiO 2 and 50 mg DPH/L at 25°C. Apart from the geometry, the only difference between the experiments was the type and amount of light irradiating the system. From Table 7 , it can be observed that, at the same irradiation time and titania concentration, in the experiments carried out with UV-C and UV-A, the degradation achieved was very close to that obtained in the SB. This can be related to the fact that, in SB and UV-A, TiO 2 absorbs radiation from 380 nm to 400 nm. Although in UV-C there is not absorption of TiO 2 in the 280-300 nm range, the DPH degradation value can be due to its photolysis. The TOC results were not promising and almost equal mineralization was achieved for UV-C, UV-A and SB, 8.71%, 7.42% and 9.80%, respectively. To take into account the radiation effect, degradation is presented as the energy required in the radiation range of titania absorption for the abatement of 1 mg of DPH, after 60 min of irradiation for 0.4 g/L of titania. The required energy to remove 1 mg of DPH is highest for UV-C radiation (0.46 kJ/mg) than the others (0.36, 0.11 and 0.26 kJ/mg for SB, UV-A and CPC, respectively).
Set-ups comparison
In this section the different devices an AOPs tested will be compared at the same time to observe the effect of geometry and light. As commented before, DPH and TOC removal were evaluated in three different experimental devices at laboratory scale: a Solarbox (SB) with a Xe lamp, a reactor (BLB) with three black light lamps and a reactor (UVC) with three UV-C lamps. Experimental conditions were the same in all installations (concentrations of DPH, photocatalyst, iron(II) and hydrogen peroxide). The best results obtained for DPH removal in each experimental device were considered for the comparison of the different installations tested. Giving these premises, the observed differences are only related to the geometry of the reactors and type and amount of light irradiating the systems. The entering radiation was 0.97 J/s in the case of SB, 2.12 J/s for BLB device, and 5.99 J/s for the UV-C reactor (between 290 and 400 nm). The performance of the three set-ups in DPH elimination is compared on basis of the ratio removed DPH/accumulated energy. For better comparison, the DPH conversion at 60 min of reaction was chosen.
As it can be observed in the Fig. 7 , photo-Fenton process at acid pH shows an efficiency ratio higher than the other two technologies in DPH conversion. In the UV-C reactor, the degradation rates and accumulated energies used were similar for UV/H 2 O 2 (150 mg/ L of H 2 O 2 ) and photo-Fenton experiments (5 mg/L of Fe 2+ and 150 mg/L of H 2 O 2) , at 60 min of irradiation,. As the UV-C lamps used in this study are monochromatic and emit radiation with a maximum at 254 nm, it is possible that the photolysis of H 2 O 2 has a great influence during the treatment in this device. In addition, the high DPH absorbance at 220 nm seems to be responsible for the good performance of photolysis process in DPH conversion. Photocatalytic process is less effective under UVC radiation, because TiO 2 does not absorb light in the 280-300 nm range. According to Fig. 7 the BLB reactor exhibits a much better performance than SB reactor and UV-C reactor. A main reason to justify those differences refers to the spectrum of used light at each installation. It was expected that SB would provide a better degradation rate according to the high power of the lamp. However, only radiation below 500 nm is useful in photo-Fenton process, decreasing the total yield of the process (7.75 mg DPH removed/kJ). On the The ratio TOC removal (mg) per accumulated energy (kJ) (see Fig. 8 ) was also analyzed taking into account the TOC removed in BLB, UVC and SB reactors. The ratio (mg TOC/kJ) obtained in BLB was almost four times higher than in UVC and SB reactors: 9.05, 2.49 and 1.83, respectively.
Therefore, considering the results of both ratios (mg DPH/kJ and mg TOC/kJ), it can be concluded that BLB lamps are more useful for the process than the other used lamps. Photo-Fenton process with 5 mg/L of Fe 2+ and 150 mg/L of H 2 O 2 shows the best results for both degradation and mineralization of DPH by accumulated energy unit.
Intermediates and reaction pathways
During the DPH photodegradation processes, several byproducts are produced. To complete the information on these processes, the main intermediates formed in these reactions have been identified by electrospray mass technique (see Table 8 ).
Hydroxyl radical is reported as a non-selective oxidizing species that mainly undergo by addition reaction on aromatic ring and on alkylamine side chain [28] . In the case of DPH, it is logical to expect the addition of OH Å to the aromatic ring and the alkylamine side chain, leading to the formation of DPH-272. The hydroxyl addition on alkylamine chain, followed by the benzylic dissociation, lets to the formation of m/z 183 (DPH-183) and m/z 90 (DPH-90) fragments. However, the hydroxyl addition on alkylamine chain can lead to m/z 167 (DPH-176) and m/z 89 (DPH-89) fragments by via proton transfer within an intermediate ion-neutral complex [29] . Moreover, the hydroxycyclohexadienyl form of DPH-272 could be attacked by OH Å in the reaction medium forming a product with a double hydroxyl (DPH-288) [28] . In addition, the DPH-272 form could suffer the dissociation of oxygen from the carbon bond of the ether group leading to m/z 199 (DPH-199), by further hydrogenation, or to m/z 72 (DPH-72), by an H-abstraction. The mechanism leading to the formation of DPH-194 compound is initiated by the attack of OH Å on the orto position of DPH-256 followed by the elimination of a phenol and subsequent oxidation. Analogous mechanism could explain the formation of DPH-120 compound from DPH-194 [29] .
Conclusions
Concerning the performance of the different processes studied (UV-vis/H 2 O 2 , Fenton, photo-Fenton and heterogeneous photocatalysis with TiO 2 ) under different radiation, it is found that photo-Fenton shows the best results in terms of DPH and TOC conversion using the highest Fe 2+ (5 mg/L) and H 2 O 2 (150 mg/L) concentrations with all the radiation sources. The comparisons between the devices in photo-Fenton process established that BLB reactors show the highest efficiency in the ratio removed DPH/accumulated energy in the range radiation 290-400 nm. The treatment in SB and UV-C reactor seem to be more expensive than the other technologies, because these devices are equipped with a very powerful lamps but only a very small fraction of that energy produce useful radiation for the photo-Fenton process. The addition of resorcinol allowed working at circumneutral pH. In Fenton process a complete DPH conversion was achieved with 5 mg/L of Fe 2+ and 150 mg/L of H 2 O 2 in presence of resorcinol, whereas, at the same conditions, but at acid pH, 96.7% of DPH conversion was obtained. In photo-Fenton, with resorcinol and without resorcinol, a complete DPH elimination was obtained in 15 min of irradiation and 20 min of irradiation, respectively. In conclusion, the presence of resorcinol has a natural organic matter (NOM) on photo-Fenton systems, exhibits more or less the same degradation as at acid pH, which allows working at near neutral pH and avoiding the consumption of reagents for acidification. The transformation reaction of DPH establishes that hydroxyl radicals mostly attack the aromatic ring and alkylamine side chain yielding hydroxycyclohexadienyl and alkyaminodiol intermediates. Moreover an orto attack in the case of OH Å reaction could be other mechanism of degradation but it is a minor pathway.
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